INTRODUCTION
============

GABA (γ -aminobutyric acid) is a non-protein amino acid that is widely distributed in nature among microorganisms, plants and animals ([@b85]). Natural GABA was first found as a constituent of tuber tissue in potato ([@b80]). In microorganisms, GABA is functionally involved in the spore germination of *Neurospora crassa* and *Bacillus megaterium* ([@b19], [@b20], [@b41]). GABA confers resistance to acidic pH in bacteria, including *E.* *coli, Lactococcus lactis*, *Listeria monocyrogenes, Mycobacterium* and *Clostridium perfringens* ([@b7], [@b17], [@b67]).

Nowadays, GABA is used considerably in pharmaceuticals, and massively as a major active constitute in foods, such as gammalone, cheese, gabaron tea, and shochu ([@b58], [@b69], [@b91]). GABA acts as the major inhibitory neurotransmitter in the mammalian central nervous system. GABA improves the plasma concentration, growth hormones and the protein synthesis in the brain ([@b12]), but inhibits small airway-derived lung adenocarcinoma ([@b13]). In addition, GABA has hypotensive, tranquilizing, diuretic and antidiabetic effects ([@b1], [@b5]). GABA lowers the blood pressure in animals and human subjects. The chronic GABA ingestion ranged from 0.3 to 300 mg/kg decreased systolic blood pressure in spontaneously hypertensive rats ([@b39]). The administration of GABA significantly decreased the blood pressure of spontaneously hypertensive rats with a dose-dependent manner ([@b26]). The oral administration of GABA of 10 mg daily for 12 weeks was effective for hypertensive patients ([@b34]). The daily oral administration of rice germ containing 26.4 mg GABA was effective in treating neurological disorders ([@b59]). Furthermore, Hagiwara et al. ([@b22]) reported that GABA acted as a strong secretagogue of insulin from the pancrease, therefore, effectively preventing diabetes ([@b1]). GABA intake can regulate sensations of pain and anxiety, and lipid levels in serum ([@b40], [@b55]). Furthermore, consumption of GABA-enriched foods can inhibit cancer cell proliferation ([@b61]) and improve memory and the learning abilities ([@b55]). Therefore, GABA has been classified as a bioactive component in foods and pharmaceuticals ([@b14]).

There have been many attempts for synthesizing GABA chemically or biologically ([@b13], [@b33], [@b63]) because of the beneficial functions of GABA and the increasing commercial demand ([@b85], [@b66]). Biosynthetic methods of GABA may be much more promising than chemical synthesis methods since they have a simple reaction procedure, high catalytic efficiency, mild reaction condition and environmental compatibility ([@b30]). The biosynthesis of GABA is one step reaction of decarboxylating glutamate to GABA, catalyzed by glutamate decarboxylase (GAD) ([Fig. 1](#fig1){ref-type="fig"}) ([@b85], [@b48]). Various biosynthetic techniques have been developed for the efficient production of GABA, including immobilized cell technology ([@b30]), sourdough fermentation ([@b15]) and batch fermentation method ([@b13], [@b40], [@b43], [@b63]). These techniques can be used for GABA preparations in pharmaceutical, food, and other industries. Although successful replacement of wheat flour with pseudocereals or leguminous flours has been demonstrated for processing bakery products, however, utilization of buckwheat blend, amaranth, chickpea and quinoa flours, subjected to sourdough fermentation by selected GABA-producing strains has provided GABA enriched products to the manufacture, and has been considered a promising possibility in order to increase the nutritional, functional, sensory, and technological properties of food products ([@b15]).

![Decarboxylation of L-glutamate to GABA by glutamate decarboxylase (GAD). PLP: pyridoxal-5'-phosphate.](bjm-43-1230-g001){#fig1}

Microorganisms are widely used in biological systems for the production of numerous valuable molecules ([@b10], [@b27]). To improve the quality of diets and enriched-dishes by converting agricultural commodities into fermented foods, microorganisms have been used for commercial and domestic purpose over the centuries for producing fermented foods such as, wine, soy sauce, sufu, vinegar, distilled spirits, rice wine, fermented vegetable, meat products, paocai, pickles and kimchi etc. ([@b23], [@b47]).

A wide range of products can be covered by traditional fermented foods. [Table 1](#tbl1){ref-type="table"} shows the production of GABA synthesized by different species of microorganism isolated from various sources of fermented foods. In particular, we summarize the GABA-producing microorganisms and the optimal fermentation conditions for the GABA production. The information could be applied for isolating high GABA-producing microorganisms as well as for developing efficient processes for maximum production of GABA for pharmaceutical and food industries.

###### 

Production of GABA by different microorganisms isolated from various sources.

  Microorganism                                          Isolation source              Culture medium                                                                           GABA production   References
  ------------------------------------------------------ ----------------------------- ---------------------------------------------------------------------------------------- ----------------- ------------
  *Lactobacillus paracasei* NFRI 7415                    Fermented fish (funa-sushi)   MRS broth                                                                                31145.3 mg/l      43
  *U. purpureus CM*U00*1*                                NP                            Rice                                                                                     28370 mg/kg       36
  *Lactoccocus lactis* subsp. *lactis*                   Chinese cabbage kimchi        Brown rice juice, germinated soybean juice, and skim milk (33: 58: 9, v/ v/ v) and MSG   72 00 mg/ l       53
  *Lactobacillus plantarum* C48                          Cheeses                       Sodium acetate buffer                                                                    16.0 mg/ kg       76
  *Lactobacillus paracasei* PF6                          Cheeses                       Sodium acetate buffer                                                                    99.9 mg/ kg       76
  *Lactobacillus brevis PM 7*                            Cheeses                       Sodium acetate buffer                                                                    15.0 mg/ kg       76
  *Lactobacillus. delbrueckii* subsp. *bulgaricus* PR1   Cheeses                       Sodium acetate buffer                                                                    63.0 mg/ kg       76
  *Lactococcus. lactis* PU1                              Cheeses                       Sodium acetate buffer                                                                    36.0 mg/ kg       76
  *Streptococcus salivarius subsp. thermophilus* Y2      NP                            Nutrient medium                                                                          6000 mg/ l        90
  *Rhizopus microspores* var. *oligosporus* IFO 32002    NP                            Soybeans                                                                                 17400 mg/kg       2
  *Rhizopus microspores* var. *oligosporus* IFO 32003    NP                            Soybeans                                                                                 15000 mg/kg       2
  *Lactobacillus brevis* NCL912                          Paocai                        Nutrient medium                                                                          35662.0 mg/ l     49
  *Lactobacillus brevis*                                 Paocai                        MRSS medium                                                                              15370.0 mg/ l     47
  *Lactobacillus brevis* GABA 057                        NP                            GYP medium                                                                               23381.0 mg/ l     13
  *Lactobacillus brevis* NCL912                          Paocai                        Nutrient medium                                                                          103719.1 mg/ l    50
  *Lactobacillus brevis BJ20*                            Kimchi                        Seaweeds and rice flour                                                                  2,465 mg/ l       45
  *Lactobacillus plantarum* C48                          Cheeses                       Buckwheat, amaranth, chickpea and quinoa flours (1:1:5.3:1)                              504 mg/kg,        15
  *Lactobacillus brevis* IFO- 12005                      NP                            Kome shochu kusu and GYP                                                                 1049.8 mg/ l      91
  *Streptomyces bacillaris* strain R9                    Tea                           Nutrient broth                                                                           2.9 mg/kg         37
  *Streptomyces bacillaris* strain Y11                   Tea                           Nutrient broth                                                                           2.4 mg/kg         37
  *Lactobacillus plantarum* DSM19463                     Cheeses                       Grape must/whey milk/MRS                                                                 498.1 mg/ l       17
  *Lactobacillus brevis*                                 Fresh milk                    GYP                                                                                      4599.2 mg/ l      30
  *Lactococcus lactis* subsp. *lactis* B                 Kimchi and youghurt           Brown rice juice, germinated soybean juice and skim milk (33:58:9, v/v/v)                6410 mg/l         52
  *Uonascus purpureus* CCRC 31615                        Research Center               Nutrient medium                                                                          1,493.6 mg/kg     81
  *Lactobacillus brevis* GABA 100)                       NP                            MSG                                                                                      13000 mg/l        38
  *Lactococcus lactis* subsp. f*act*o PU1                Cheese                        Wheat flour                                                                              258.71 mg/kg      65
  *Lactobacillus buchneri* MS                            Kimchi                        MRS broth                                                                                25883.12 mg/l     12
  *Lactobacillus* sp. OPK 2--59                          Kimchi                        MSG                                                                                      180 mg/kg         74
  *Lactococcus lactis* ssp*.* f*act*o 017                Cheese starter                Skim milk                                                                                2700 mg /l        58

NP: Not provided; MRS medium: de Man, Rogosa and Sharpe medium; MRSS: MRS medium with sodium glutamate; GYP medium: Glucose yeast extract poly-peptone medium; MSG: Monosodium glutamate.

GABA producing microorganisms and their isolation sources
---------------------------------------------------------

A number of microorganisms of bacteria and fungi have been reported to produce GABA ([@b52], [@b78], [@b40]). In addition to bacteria, GABA is also found in many molds, fungi and yeast. In microorganisms, GABA was first isolated from acid-treated yeast extracts, and later it was demonstrated to be present in the free state, to the extent of 1 ± 2% by dry weight in untreated yeast ([@b64]). GABA was again detected while investigating the amino acid composition of red yeast, *Rhodotorula glutinis* ([@b44]). An important GABA pool was observed in the early phase of *Neurospora crassa* spore germination ([@b70]). Other filamentous fungi like *Aspergillus nidulans* and *A. niger* are also known to contain GABA. In *A*. *niger* during acidogenesis, an unusual accumulation of GABA was recognized ([@b41]). The GABA levels increased in parallel with citric acid accumulation in absence of manganese ions by *A. niger*, while it was virtually undetectable under a normal condition ([@b41]).

The most interesting and practical group of bacteria for GABA production is LAB, which produce high levels of GABA. To date, LAB include several strains of *Lactobacillus (Lb.)* and *Lactococcus (Lc.). Lb. brevis* was isolated from many fermented foods, including Korean fermented vegetable kimchi, Chinese traditional paocai, fresh milk, alcohol distillery lees and black raspberry juice ([@b31], [@b38], [@b47], [@b61], [@b72], [@b86], [@b91]). *Lb. delbrueckii* subsp. *bulgaricus*, *Lb. plantarum* and *Lb. paracasei* were isolated from cheese ([@b76]) and from Japanese traditional fermented fish ([@b43]), respectively. The best GABA-producing strains, *Lb. paracasei* PF6, *Lb. delbrueckii* subsp*. bulgaricus* PR1, *L. lactis* PU1 and *Lb. brevis* PM17 have been isolated from Pecorino di Filiano, Pecorino del Reatino, Pecorino Umbro, and Pecorino Marchigiano cheeses, respectively, which had the highest concentrations of GABA ([@b76]). Similarly, the strains of *Lc. lactis* spp*. lactis* 01--4, 01--7, 53--1, and 53--7 were screened and selected with the highest level of GABA production from the cheese starters ([@b58]). Ten GABA producing LAB strains were isolated from kimchi and yoghurt. Two of the strains (Y3 and Y4) were bacilli while the other eight were known as cocci ([@b52]). The strains isolated from kimchi were identified as *Lc. lactis* subsp. *lactis* based on the 16S rDNA sequences, and the strains produced the highest amount of GABA (3.68 g/l) in de Man, Rogosa and Sharpe (MRS) broth ([@b52]). A total of 61 GABA synthesizing isolates were identified in cheese under *in vitro* fermentation conditions at 30°C for 24 h at pH 4.7 ([@b74]). By partial sequencing of the 16S rRNA genes, twelve species were detected, and the species were composed of many subspecies including *Lb. plantarum* (17 isolates), *Leuconostocs* (*L.*) *mesenteroides* (2 isolates), *Weissella cibaria* (1 isolates), *Lb. paracasei* (16 isolates), *Lb. brevis* (3 isolates), *Lb. casei* (5 isolates), *L. pseudomesenteroides* (2 isolates), *Lb. lactis* (2 isolates), *Lb. delbrueckii* subsp. *bulgaricus* (2 isolates), *Lb. rhamnosus* (2 isolates), *S. thermophilus* (6 isolates) and *E. durans* (1 isolate) ([@b74]). Although many GABA-producing LAB strains have already been isolated and identified, further research on isolation and characterization of the LAB is needed because various types of GABA-producing LAB are important for the food industry ([@b43]).

Due to the potential for producing GABA-enriched foods, the GABA-producing microorganisms, especially LAB are getting a huge attention. The ability of LAB for producing GABA is varied among species and the strains ([@b32], [@b43], [@b60], [@b91]). GABA-rich foods fermented with LAB include yogurt and cheese ([@b58], [@b60], [@b61], [@b76]), kimchi ([@b52], [@b61], [@b74]), sourdough ([@b65]) and paocai ([@b47]). The highest content of GABA was found in Pecorino di Filiano (391 mg/kg) among 22 different varieties of Italian cheeses, in which the responsible microorganisms for the GABA production were *Lb. paracasei* PF6, PF8 and PF13, *Lb. plantarum* PF14, *Lactobacillus* sp. strain PF7, and *Enterococcus durans* PF15 ([@b76]). In shochu distillery-lees, a Japanese distilled alcoholic beverage, most of the free glutamic acid (10.50 mM) was converted to GABA (10.18 mM) by *Lb. brevis* IFO-12005 ([@b91]). GABA-enriched grape must beverage, which has a potential anti-hypertensive effect and dermatological protection was manufactured by a fermentation using *Lb. plantarum* DSM19463 ([@b17], [@b48]).

Other GABA producing bacteria include *Lc. lactis* ([@b58], [@b76]), *Pediococcus acidilactici, P. pentosaceus, E. durans, E. faecalis, E. faecium* and *Leuconostocs* (*L*.) ([@b9]). *Lc. lactis* PU1 was considered a good GABA producing candidate for the fermentation of reconstituted skim milk ([@b76]). Many other species belonging to the genera of *Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Pediococcus* and *Streptococcus* are often recognized from raw milk ([@b21], [@b89]). In another study, different strains of *Rhizopus* species were compared with the GABA production capacity under the best condition of soybean fermentation. High yield of GABA was achieved by anaerobic incubation of *R. microsporus var. oligosporus* IFO 32002 and IFO 32003, reaching 1.74 g GABA/100 g and 1.5 g GABA/100 g, respectively ([@b2]). A fungus *Monascus purpureus* CCRC 31615 produced high amount of GABA when the media was added with sodium nitrate ([@b81], [@b88]). In addition, the seven cultivars of rice grains inoculated with *M. purpureus* produced and increased GABA every week whereas the rice grain without the fungus inoculation contained no GABA ([@b36]). These results indicated that the glutamic acids in the fermented rice could be converted into GABA by *M. purpureus.* Ta-Hon-In Pu-erh tea fermented with *Streptomyces bacillaris* strain R9 and *S. cinereus* strain contained 4- and 8- folds of GABA than the non-inoculated leaves, respectively ([@b37]).

Factors affecting GABA synthesis
--------------------------------

Different fermentation factors affect the rate of GABA production by microorganisms. Among them the most common and essential factors are pH, temperature, cultivation time and media additives of culture. The fermentation conditions can be optimized based on the biochemical characteristics of GAD of the fermenting microorganisms. Decarboxylation of glutamate occurred in LAB results in the stoichiometric release of the end product GABA and the consumption of a proton ([Fig. 1](#fig1){ref-type="fig"}). The net effect of this reaction increases the alkalinity of the cytosol and environment. To maintain the optimum pH 5.0 at which the highest GABA production was obtained by *Lb. brevis*, H~2~SO~4~ was therefore supplemented into the fermenting broth in order to offset pH increase, arisen from the decarboxylation ([@b49]). Similarly, the glutamate content 500 mM in the culture medium was converted to 302 mM GABA by optimizing the fermentation condition of *Lb. paracasei* NFRI 7415 at pH 5.0 with the addition of pyridoxal-5'-phosphate (PLP) ([@b43]). The GABA production by *Streptococcus salivarius* subsp*. thermophilus* Y2 was also enhanced by optimizing fermentation condition at pH 4.5 and by the addition of PLP ([@b90]).

The optimum conditions vary among the fermenting microorganisms due to the different properties of the GADs, therefore, characterization of the biochemical properties of the GADs will be required in the interested microorganisms to achieve the highest GABA production. Optimal conditions for GABA-producing microorganisms are summarized below, especially on the effects of pH, temperature, cultivation time and media additives.

Effect of pH
------------

The biosynthesis of GABA in microorganisms is mainly regulated by pH, which usually has the most pronounced effect for a fermentation process ([@b43], [@b83], [@b90]). The biochemical characteristics of GAD vary among different microorganisms, therefore, the effective pH value for the maximum GABA production is species-dependent ([@b49], [@b90]). *Lb. plantarum* DSM19463 synthesized the maximum GABA (59 μM/h) at the pH 6.0 ([@b17]), however, *Lb. paracasei* NFRI 7415 produced the highest GABA (210 mM) at pH 5.0 ([@b42]). In *S. salivarius* subsp*. thermophilus,* GABA production was highest (7984 mg/l) at pH 4.5 ([@b90]). *Lb. brevis* GABA 057 converted total 10% of monosodium glutamate (MSG) to GABA at pH 4.2 ([@b79]). In cheese *Lactobacillus*, *Lb. paracasei* PF6, PF8, PF13, *Lb. plantarum* PF14, *Lb.* sp. strain PF7 and *E. durans* PF15 produced high amounts of GABA (289 mg/kg -- 391 mg/kg) under the pH range of 4.68 -- 5.70 ([@b76]). When GABA-producing *Lb. paracasei* was compared the GABA production capacity under different pHs (4 -- 6), GABA was produced significantly high (210 mM) at pH 5.0 ([@b43]). *Lb. lactis* produced highest amount of GABA (7.2 g/l) at pH ranged from 7.5 to 8.0, however, reduced GABA production pH above 8.0, indicating that *Lb. lactis* has the optimum GABA production at weak alkaline pH, ranged from 7.5 to 8.0 ([@b53]). The pH in fermentation medium changes with time during fermentation, therefore, the initial pH affects final GABA yield and the pH of the medium should be adjusted timely to maintain the optimum pH ([@b53], [@b38], [@b49]). The black raspberry juice fermented with *Lb. brevis* GABA 100 and monosodium glutamate (MSG) changed the initial pH of juice from 4, 4.5, 5, 5.5 and 6 to 3.9, 4.2, 4.4, 4.5 after 48 h, respectively ([@b31]). The MRS medium inoculated with *Lb. paracasei* changed the pH from 6.5 to about 4.5 within 50 h of fermentation ([@b37]).

High production of GABA by fermentation is not only dependent on activating the activities of GAD but also on inhibiting the activities of GABA-decomposing enzymes. One pathway for GABA decomposition exists in a large variety of plants and microorganisms. GABA transaminase catalyses the reversible conversion of GABA to succinic semi-aldehyde using either pyruvate or α-ketoglutarate as the amino acceptor, and succinic semi-aldehyde dehydrogenase catalyzes the reversible conversion of succinic semi-aldehyde to succinate ([@b75], [@b42]). GABA transaminase isolated from *Pseudomonas aeruginosa* transaminased GABA most actively at pH 8.5 ([@b87]). Other organisms, including pseudomonads as well as higher organisms also showed the highest activity of GABA transaminase approximately at pH 8.5 ([@b4], [@b6], [@b56], [@b71]). Succinic semi-aldehyde dehydrogenase isolated from *Saccharomyces* had the optimum pH 8.4 for the highest enzymatic activity ([@b35]). Therefore, the activities of the two enzymes should be obstructed from pH by adjusting the pH of the buffer to achieve maximum production of GABA ([@b42], [@b75]).

Effect of temperature
---------------------

The incubation temperature is also a major factor affecting maximum GABA yield by fermentation. In addition to an effect on biocatalyst activity and stability, temperature has an effect on the thermodynamic equilibrium of a reaction. The high efficient conversion of glutamate to GABA needs the high cell density and also the appropriate culture temperature ([@b38]). GABA production in *Lb. brevis* NCL912 had a positive correlation with the cell density, which was dependent on the culture temperature ([@b49]). *Lb. brevis* NCL912 growth increased with higher temperature and peaked at 35°C, then decreased over the temperature ([@b49]). Cultured *Lb. plantarum* DSM19463 synthesized the highest amount of GABA (59 μM/h) at temperatures between 30°C and 35°C ([@b17]). The optimum temperatures for *Lb. brevis* GAD and *Lb. brevis* CGMCC 1306 were found to be as 30°C and 37°C, respectively ([@b85], [@b86]). *Lb. brevis* GABA 100 fermenting black raspberry juice produced maximum GABA (27.6 mg/ml) at pH 3.5 and 30°C on 12^th^ day of fermentation ([@b38]). *Lb. buchneri* in MRS broth medium also had the optimum temperature for GABA production as 30°C ([@b12]). Immobilized whole cells of *Lb. brevis* at 40°C produced 92% of GABA after 8 h of fermentation ([@b30]). The maximum GABA yields by *Lc. lactis* at the optimum temperature of 33°C and 34°C were found to be 310 mg/ml and 439 mg/ml, respectively ([@b50], [@b52]). *S. salivarius* subsp*. thermophilus* had the optimum temperature for GABA production as 34°C, at which, 12% of the total MSG was completely converted into GABA ([@b79]). *Lb. paracasei* NFRI 7415 produced the highest GABA (302 mM) at 37°C, however drastically decreased the GABA production and cell growth at 43°C ([@b43]). Generally, fermenting temperatures ranged from 25°C to 40°C result in a high GABA yield within the temperatures.

Effect of the fermentation time
-------------------------------

The time factor plays an important role in the fermentation and the production of GABA as temperature and pH do. *Lb. plantarum* DSM19463 and *Lb. paracasei* NFRI 7415 required 72 h and 144 h of fermentation to reach the highest production of GABA at 4.83 mM and 60 mM, respectively ([@b17], [@b28]). Black raspberry juice fermented with *Lb. brevis* GABA 100 reached the highest production of GABA at 25.4 mg/ml and 26.5 mg/ml at the 15^th^ day of the fermentation at (25°C, pH 4.0) and (37°C, pH 5.5), respectively, whereas it reached the highest level of GABA at the 12^th^ day when the samples were fermented at pH 3.5 and 30°C ([@b38]).

The addition time for the GABA substrate also affects the final GABA yield as well as the concentration of the substrate in the medium. A significant differences in GABA yield among various times of MSG addition was shown in the fermentation of *Lc. lactis*, as the highest GABA yield was obtained when MSG was added at the beginning of fermentation (0 h) however, the GABA yield lowered when MSG was added during 6 to 96 h of fermentation at 6 h interval of time ([@b53]). The addition of PLP in different time intervals also affected the production of GABA ([@b90]). The GABA production at 72 h reached 6272, 6570 and 7333 mg/l when PLP was added at 0, 24 and 48 h, respectively. The higher amount of GABA was produced by the addition of PLP at 48 h than at 0 and 24 h suggested that PLP could easily lose the role as coenzyme due to the denaturalization in the culture broth during the fermentation, however, addition of PLP at 48 h could partly recover GAD activity ([@b90]). These results indicate that the highest GABA production by microorganisms can depend on the addition of appropriate medium additives and optimum additional time for the additives.

Effect of media additives
-------------------------

Nutrient composition and culture conditions affect the GABA production by microbe fermentation ([@b88]). Also, media additives including glutamate and PLP as the coenzymes of GAD are the major factors affecting the production of GABA during the fermentation ([@b12], [@b43], [@b50], [@b52], [@b90]). The medium composition, especially carbon and nitrogen sources and other components can influence the amount of GABA production ([@b3], [@b62], [@b88]). Furthermore, the concentrations of substrates are important for achieving high GABA yield ([@b90]). *Lb. plantarum* DSM19463 produced 0.9 mM GABA by the fermentation of grape must diluted to 4% (w/v) of total carbohydrates ([@b17]). Among different carbohydrates tested such as L-arabinose, ribose, D-xylose, galactose, glucose, fructose, maltose, melibiose, a-methyl D-glucoside, N-acetyl D-glucosamine and gluconate as carbon source, 1.25% glucose was the best carbon source for high production of GABA ([@b48]). The mixed ratio (33:58:9) of brown rice juice, germinated soybean juice and enzymolyzed skim milk, a milk having deteriorated properties by the means of enzymatic action, as a source of carbon and nitrogen produced the highest GABA (6.41 g/l) by *Lc. lactis* B ([@b52]). Addition of 0.5% ethanol as a carbon source in a fermentation using *M. purpureus* NTU 601 and *M. pilosus* increased the production of GABA, and reached to 7453 and 385 mg GABA/kg, respectively ([@b82], [@b88]). The addition of each 2.5% of yeast extract, soya peptone and beef extract as a nitrogen source produced approximately 200 mM GABA ([@b47]). Compared with the fermentation of *M. pilosuss* without MSG addition as a nitrogen source, the addition of 1.0% MSG into the basal medium of 60 g sterilized rice with 1.0% (w/w) peptone produced approximately 2.8 times higher GABA (502.39 mg/kg) ([@b82]). Even 0.5% urea as a source of nitrogen enhanced the production of GABA in fermentation with *M.* *purpureus* NTU 601 ([@b88]).

Glutamate addition increased GABA production in *Lb. paracasei* and *Lb. brevis* ([@b25], [@b30], [@b43], [@b49]). GABA concentration reached 161 mM after cultivation of 144 h in the medium containing 500 mM of glutamate by *Lb. paracasei* NFRI 7415 ([@b43]). *Lb brevis* NCL912 and *Lb. brevis* also increased GABA production by the addition of glutamate ([@b25], [@b30], [@b49]). However, *S. salivarius* subsp. *thermophilus* Y2 did not increase GABA production significantly when glutamate was added 10 -- 20 g per liter of media, suggesting that these concentrations of glutamate are not appropriate for the synthesis of GABA in this species ([@b90]). The production of GABA by using glutamate as a substrate still remains with several problems, such as the high cost of the culture medium. PLP is used as a coenzyme of GAD for enhancing GAD activity ([@b43], [@b68]). By the addition of PLP, GABA production increased and reached to 7333 mg/l, 200 mM and 504 mg/kg during the fermentation with *S. salivarius subsp. thermophilus* Y2, *Lb. paracasei* NFRI 74150 and *Lb. plantrum* C48, respectively ([@b15], [@b43], [@b90]). The addition of 0.1 mM PLP to the diluted grape must, however, did not enhance the synthesis of GABA ([@b17]), which may be due to the presence of endogenous PLP in grape must ([@b8]). The addition of PLP in the culture medium for the production of GABA by *Lb. brevis* NCL912 did not increased the amount of GABA, indicating that *Lb. brevis* NCL912 could synthesize the PLP by itself necessarily ([@b48]).

The addition of sulfate ions increased the GAD activity of *Lb. brevis* IFO 12005 in a dose-dependent manner, suggesting that the increased GAD activity is due to an increased hydrophobic interaction between the subunits ([@b86]). Total 5% of the MSG was converted into GABA within 48 h when 10 mM ammonium sulfate was added to the reaction medium of *Lb. brevis* GABA 057 ([@b79]). In glucose-yeast peptone medium, 7% of MSG as glucose concentration with 10 mM ammonium sulfate was the best combination for GABA production ([@b86]). The addition of over 0.6% glucose without ammonium sulfate, however, did not increase the GABA conversion rate ([@b81]).

The cell viability and stability in the beads can be improved for the higher rate of GABA conversion by adjusting the concentrations of media additives, including skim milk, isomalto-oligosaccharide, erythritol, and pectin in an optimum concentration ([@b79]). The beads with 0.6% isomalto-oligosaccharide were the most effective combination for GABA production and also improved probiotic survival in fermented milk ([@b79], [@b11]).

The addition of other substrates such as the wholemeal wheat sourdough and 50% of tomo koji enhanced the GABA production using *Lb. plantarum* C48 and *M. pilosus* IFO 4520, respectively ([@b65], [@b40]). GABA could be produced by LAB using *shochu kasu* as a growth medium without addition of glutamate. The GABA concentration reached 10.05 mM or 10.18 mM after one or two day cultivation in *kome shochu kusu*, respectively ([@b91]). Similarly, the addition of buckwheat and quinoa sourdough with *Lb. plantarum* C48 and amaranth and chickpea sourdoughs with *Lc. Lactis* subsp. *lactis* PU1 enhanced the GABA production and reached to 643 ±13, 415 ±10, 816 ± and 1031 ± 9 mg/kg, respectively ([@b15]). These processes have advantages over other fermentation processes due to the simplicity and low operation price.

Potential application of GABA producing microorganisms
------------------------------------------------------

Microorganisms can be harmless, beneficial or pathogenic. The beneficial microorganisms reduce the risk of the growth and survival of food borne pathogens and food spoilage organisms ([@b29]). The consumer attention towards the selection of health-beneficial foods makes the significant growth of GABA-enriched foods. Natural addition of GABA is demanding over the addition of chemical nutrient GABA since consumers prefer naturally-occurring substances, and the fermentation helps to reduce the cost of the foods due to the omission of chemical addition of GABA and also provides attractive foods with better taste and at the same time replaces the chemical GABA by natural GABA ([@b48]). Therefore, GABA production by naturally-occurring microorganisms during fermentation is getting higher request.

Especially, the production of GABA by LAB has been extensively explored during the manufacture of black raspberry juice, kimchi, soymilk, cheese and other dairy products ([@b58], [@b38], [@b75], [@b83], [@b26], [@b33], [@b77]). For the manufacture of functional foods and beverages, LAB also have the advantage of the production of GABA using cheap ingredients, such as by-products in food industry ([@b48]). The GABA producing LAB act as probiotics but are only effective if they remain viable as they pass through stomach and intestine ([@b14], [@b57]). Three *Lactobacillus* strains, *Lb. paracasei* PF6, *Lb. delbrueckii* subsp. *bulgaricus* PR1, and *Lb. plantarum* C48 isolated from cheese were subjected to pepsin and pancreatin digestion, but they survived and synthesized GABA, suggesting that these bacteria survive and synthesize GABA under simulated gastrointestinal conditions ([@b76]). In fact, GABA-producing LAB as probiotics could inhabit in the gastrointestinal tract and produce GABA *in situ* ([@b48]). There have been long and safe histories of the production of fermented foods and beverages by LAB, which can accumulate high amounts of GABA ([@b46]). These GABA producing LAB accumulate high amount of GABA and also protect foods by controlling the food spoilage pathogens by secreting bacteriocins ([@b18]).

CONCLUSION AND FUTURE PROSPECTS
===============================

Processes for high GABA production by microorganisms are summarized here to develop functional foods and to provide natural GABA. Supply of natural GABA and the enriched food is a big challenge for the growing global demand. Therefore, the production of GABA enriched foods by fermentation using beneficial microorganisms is an indispensable process. For food and medicinal industries, further studies will be required to screen various types of GABA-producing microorganisms from as many as possible fermented foods. There is a positive relation between the optimal fermentation condition and GABA synthesis by microorganisms. Since the production of GABA is totally dependent on the biochemical properties of GAD, clarification of biochemical properties of the GAD for the fermenting microorganism facilitates the optimization of fermentation processes. Many factors including pH, temperature, culture time and media additives can be optimized to achieve the maximum GABA production in various microorganisms. These all processes will be directed to higher flexibility of the microbe cultures for a wider application of GABA.
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